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Background: RapA proteins promote bacterial aggregation and are composed of Ra/CHDL domains similar to the extra-
cellular domains of eukaryotic cadherins.
Results: RapA2 shows a calcium-dependent cadherin-like -sheet conformation and specifically recognizes acidic
exopolysaccharides.
Conclusion: RapA2 is an extracellular calcium binding lectin.
Significance:RapA2 biological role sheds light on the biochemical function of Ra/CHDLdomains found in numerous predicted
extracellular or surface-exposed proteins.
In silico analyses have revealed a conserved protein domain
(CHDL)widely present in bacteria that has significant structural
similarity to eukaryotic cadherins. A CHDL domain was shown
to be present in RapA, a protein that is involved in autoaggrega-
tion of Rhizobium cells, biofilm formation, and adhesion to
plant roots as shown by us and others. Structural similarity to
cadherins suggested calcium-dependent oligomerization of
CHDL domains as amechanistic basis for RapA action. Here we
show by circular dichroism spectroscopy, light scattering, iso-
thermal titration calorimetry, and other methods that RapA2
fromRhizobium leguminosarum indeed exhibits a cadherin-like
-sheet conformation and that its proper folding and stability
are dependent on the binding of one calcium ion per protein
molecule. By further in silico analysis we also reveal that RapA2
consists of two CHDL domains and expand the range of CHDL-
containing proteins in bacteria and archaea. However, light
scattering assays at various concentrations of added calcium
revealed that RapA2 formed neither homo-oligomers nor
hetero-oligomers with RapB (a distinct CHDL protein), indicat-
ing that RapA2 does notmediate cellular interactions through a
cadherin-like mechanism. Instead, we demonstrate that RapA2
interacts specifically with the acidic exopolysaccharides (EPSs)
produced by R. leguminosarum in a calcium-dependent man-
ner, sustaining a role of these proteins in the development of the
biofilmmatrixmade of EPS. Because EPS binding by RapA2 can
only be attributed to its two CHDL domains, we propose that
RapA2 is a calcium-dependent lectin and thatCHDLdomains in
various bacterial and archaeal proteins confer carbohydrate
binding activity to these proteins.
Rhizobia are soil bacteria that establish symbiotic interac-
tions with leguminous plants, inducing nitrogen-fixing root
nodules under conditions of nitrogen starvation. Rhizobia are
able to colonize several and diverse niches such as the bulk soil,
the rhizosphere, and the vicinity of plant tissues. It was pro-
posed that the ability of rhizobia to form different types of bio-
films on a variety of surfaces might contribute to their ability to
colonize (1). For example, the biofilm formed by Rhizobium
leguminosarum under laboratory conditions on abiotic sur-
faces may reflect a survival mechanism on soil particles (1, 2).
The acidic exopolysaccharide (EPS)2 and a functional type I
secretion system PrsDE were found to be important for the
development of a mature biofilm (3, 4).
PrsDE is responsible for the secretion of a family of proteins
with affinity for the rhizobial cell surface named as “Rap” for
rhizobium adhering proteins (3, 5, 6). Rap proteins contain one
or several so-called “Ra” (Rhizobium-adhering) domains, which
consist of 100–120 amino acids with a high degree of similarity
displaying at least 20 conserved residues. Rap proteins include
the RapA1 and RapA2 paralogues that were proposed as agglu-
tinins and others of unknown function such as RapB, RapC, and
RL2702 (herein RapD) (5, 6). Furthermore, the EPS-glycanases
PlyA, PlyB, and PlyC, secreted by the PrsDE system, also con-
tain a Ra domain in their C terminus and can thus also be con-
sidered as members of the Rap family (5, 7).
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The smallest members of the Rap family (25 kDa) are
RapA1 and RapA2, composed solely by two Ra domains. RapA1
is an extracellular calcium-binding protein with affinity for the
cellular surface of R. leguminosarum biovars and Rhizobium
etli. Remarkably, RapA1 binds to the cell surface at one pole.
Exogenously added RapA1 caused aggregation of R. legumino-
sarum bv. trifolii cells, whichwas inhibited by incubationwith a
crude EPS preparation of the same strain (6). Therefore, it was
argued that the surface receptor of RapA1 may be some
structure of the acidic EPS. RapA1 overproduction increased
the attachment of R. leguminosarum R200 cells to clover
roots (8), suggesting its involvement in colonization or bio-
film formation.
Interestingly, the C-terminal Ra domain of RapA1 has been
identified as a cadherin-like domain (CHDL) that is also found
inmany other proteins from taxonomically diverse bacteria (9).
Cadherins are a family of eukaryotic calcium-binding proteins
that contain characteristic repeat sequences (cadherin do-
mains) in their extracellular regions and are responsible for the
initiation and maintenance of cell-cell contacts through a
calcium-dependent mechanism (10). The bacterial CHDL
domains (110 amino acids) were predicted to have an immu-
noglobulin -sandwich-fold with Greek-key topology, similar
to the characteristic fold of eukaryotic cadherins (9). The
CHDLdomainswere often found in associationwith other pro-
tein domains encoding enzymatic activities, substrate binding,
or other functions (9, 11). It has been proposed that CHDL
domains may confer adhesion functions via protein-protein
interactions (12, 13) and/or carbohydrate binding ability (9, 11).
The predicted structural similarity to cadherins (9, 11) and the
documented calcium binding and cellular autoaggregation
properties of RapA1 (6)might lead to a straightforward hypoth-
esis that RapA proteins mediate cellular agglutination by a cad-
herin-like mechanism. In this scenario, RapA2 with its two
tandem Ra/CHDL domains, would mediate homophilic pro-
tein-protein interactions between Ra/CHDL domains on the
surface of two neighboring cells (trans interactions).
Here we further expand the set of bacterial proteins harbor-
ing a CHDL domain, emphasizing the need to understand the
function of this broadly conserved protein domain. To gain
insight into the function of the bacterial CHDL domain, we
have structurally characterized RapA2 from R. leguminosarum
bv. viciae strain 3841 (14, 15). We show that RapA2 is structur-
ally similar to cadherins and propose that all homologous Ra
domains are bacterial CHDL domains. However, biophysical
evidence strongly suggests that RapA2 does not mediate cell-
cell contacts via calcium-dependent protein-protein interac-
tions as is the case for cadherins. Instead, we demonstrate that
RapA2 directly binds to EPS/capsular polysaccharides (CPS)
and that calcium modulates both RapA2 folding and its carbo-
hydrate binding ability. Our findings suggest that other bacte-
rial CHDL domains would confer carbohydrate binding prop-
erties to their cognate proteins.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions—R. leguminosarum bv.
viciae strains 3841 (16, 17) and A412 (A34 prsD1::Tn5) were
used in this study (18).R. leguminosarum bv. trifolii strain R200
is a spontaneous mutant of strain 2046 (6). R. leguminosarum
was grown at 28 °C in TY (19) or in Y minimal medium (20)
supplemented with 0.2% w/v mannitol and antibiotics strepto-
mycin (400 g/ml) or kanamycin (30 g/ml). Sinorhizobium
meliloti strain Rm 1021 (21) was grown on Yeast Mannitol
medium (YM) (22) agar plates or in glutamate-mannitol-salts
(GMS)medium (23) supplemented with biotin, thiamine, trace
elements, and streptomycin (500 g/ml). Escherichia coli
BL21(DE3) was grown at 37 °C in Luria-Bertani (LB) medium
supplemented with ampicillin (200 g/ml).
Cloning and Construction of Recombinant Strains—The
open reading frames of RapA2 (pRL100541) and RapB
(RL3911)were PCR-amplifiedwith sense and antisense primers
containing sites for NdeI and XhoI restriction endonucleases,
respectively using genomic DNA of R. leguminosarum bv.
viciae strain 3841. The amplified fragments were cloned into
the pET22b vector resulting in constructs expressing C-termi-
nal histidine-tagged RapA2 and RapB. Primer sequences were
as follows: 5-GAGGAGAGTCATATGGCTTCGCC-3 and
5-GCTGATCACTCGAGAGCGTCGGTGC-3 for RapA2
and 5-GAAAATCACACATATGGTAGAAATG-3 and 5-
CCCTTCGCTCGAGGATGAAATG-3 for RapB. The con-
structs were verified by sequencing of the complete open read-
ing frame.
Protein Production and Purification—Production of RapA2
and RapB by E. coli BL21(DE3) was induced by the addition of
0.5mM isopropylthiogalactoside to cultureswith an absorbance
of 0.8 and incubation for 3 h. Harvested cells were resuspended
in a buffer containing 20mMTris-HCl, 0.5 MNaCl, pH 8.0, with
the addition of 1 mM phenylmethanesulfonyl fluoride and 10
mM imidazole. Cells were disrupted in a French pressure cell at
18,000 p.s.i. The cell extract was centrifuged at 100,000 g for
1 h. The supernatant was applied to a Ni-NTA HiTrap Chelat-
ing column (GE Healthcare). Fusion proteins were eluted with
an imidazole gradient (10–500 mM) in 20 mM Tris-HCl, 0.5 M
NaCl, pH 8.0. Fractions containing RapA2 or RapB were con-
centrated by ultrafiltration and applied to Superdex-75 HR
10/30 column (Pharmacia Corp.) pre-equilibrated in 20 mM
Tris-HCl and 150 mMNaCl, pH 8.0. Decalcified protein prepa-
rations were obtained by incubation with 10 mM EGTA on ice
for 1 h and re-purification by size exclusion chromatography.
Protein yield was10 mg of RapA2 and 5 mg of RapB per liter
of bacterial culture and purity greater than 98% for both pro-
teins as judged by SDS-PAGE.
Sequence Analysis and Protein Structure Prediction—PSI-
BLAST (24) searches were performed using inclusion thresh-
olds E  105 with a maximum of 20,000 target sequences
against the NCBI non-redundant protein database. Multiple
sequence alignments were performed using the MUSCLE pro-
gram (25) at EMBL-EBI using default settings. The resulting
alignments were colored, and the consensus was calculated
using the Chroma program (26). Secondary structure predic-
tion and protein fold recognition of RapA2 were performed
using the 3D-Jury MetaServer in which results of various pre-
diction servers are jointly evaluated (27). Four templates with
the highest 3D-Jury scores (Protein Data Bank codes 1edh,
2a4e, 2a62, and 2o72 for mouse E-cadherin, mouse cadherin-
11, mouse cadherin-8, and human E-cadherin, respectively)
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were chosen to predict the tertiary structure of RapA2 using the
Deep View-SwissPdbViewer program version 4.0.4 and the
automated mode of the Swiss Model workspace.
Spectroscopic Measurements—All measurements were done
with protein samples dissolved in 20 mM Tris-HCl and 150 mM
NaCl, pH 8.0, with the addition of CaCl2 at the indicated con-
centration. Far-UV circular dichroism (CD) measurements
were carried out at 25 °C on a Jasco J-815 spectropolarimeter.
The protein was diluted to 7 M (0.18 mg/ml) and placed in a
cell with a 1-mm path length. Spectra were acquired over the
wavelength range of 196–260 nm. Thermally induced denatur-
ation of RapA2 at varying calcium concentrations was followed
by CD spectroscopy. Measurements were performed in a Pel-
tier-thermostatted cell holder using a 1-mm path length cell.
The spectra of RapA2 with or without added calcium were
recorded as a function of temperature ranging from 15 to 95 °C
with a 1 °C/min thermal gradient and a spectrum recorded
every 5 °C. The reversibility of protein unfolding was examined
by scanning the same sample and recording the CD spectra
after rapid cooling to 15 °C. Spectra in the near-UV region
(260–320) were recorded at 25 °C in a 10-mm path cell using a
protein concentration of 75 M and various concentrations of
CaCl2. Each spectrum was the average of at least eight scans to
reduce noise. Binding of 8-anilinonaphthalene-1-sulfonic acid
(ANS) to RapA2wasmeasured with a JASCO FP-6500 spectro-
fluorimeter using 50 M ANS, 75 M RapA2, and 0.5 or 1 mM
CaCl2. The excitation wavelength was set at 370 nm, and spec-
tra were recorded from 400 to 600 nm at 25 °C.
Isothermal Titration Calorimetry—A VP-ITC calorimeter
(Microcal Inc.) was used for calcium binding studies, and data
were analyzed using the software Origin 7.0 supplied byMicro-
cal. Ligand and protein solutions were prepared in 20 mM Tris-
HCl and 150 mM NaCl, pH 8.0. Titration was carried out at
25 °C. RapA2 (400 M) in the sample cell was titrated with 33
injections, 8 l each of CaCl2 (10 mM). The injections were
made at 180-s intervals. A control experiment was carried out
to measure the ligand dilution heat that was subtracted from
the calcium binding thermogram before data analysis.
Light Scattering—A Precision Detector PD2010 light-scat-
tering instrument connected to an FPLC system and a LKB
2142 differential refractometer were used. RapA2 (300 l, 1.5
mg/ml) was loaded on a Superdex 75 HR 10/30 column; size
exclusion chromatography was performed at 0.4 ml/min in
buffer composed of 20 mM Tris-HCl and 150 mMNaCl, pH 8.0,
with CaCl2 added at 0.1 or 4 mM. The 90° light scattering,
refractive index, and absorbance of the eluting material were
recorded and analyzed with the Discovery32 software supplied
by Precision Detectors. The 90° light scattering detector was
calibrated using BSA as a standard.
For dynamic light scattering (DLS) studies, the protein was
dissolved in 20 mM Tris-HCl and 150mMNaCl pH 8.0 with the
addition of the indicated concentration of CaCl2 (0–4 mM).
DLS was measured with a Malvern Nanos S instrument model
ZEN 1600. Diameter distribution was calculated from the aver-
age of 20 measurements.
Native Gel Electrophoresis—Native polyacrylamide gel elec-
trophoresis was carried out according to Laemmli et al. (28) but
without the addition of SDS or reducing agent to the standard
solutions. When needed, 2 mM CaCl2 was added to the gel and
to the running buffer. RapA2 and RapB (20 g each) were pre-
incubated alone or in a mixture in PBS buffer for 1 h at room
temperature in the presence or absence of 2 mM CaCl2.
Preparation and Quantification of Extracellular Poly-
saccharides—CPS and EPS of R. leguminosarum strains were
obtained from cells and culture supernatants, respectively,
fromcultures grown for 2 days inY-mannitolminimalmedium.
To isolate CPS, the cell pellets were washed gently with 20 mM
Tris-HCl, pH 7.0, and 1 mM MgSO4 followed by vigorous stir-
ring in a washing buffer containing 0.5 M NaCl for 1 h at room
temperature and centrifugation at 10,000 g for 1 h. CPS in the
supernatant was precipitated with 2 volumes of cold ethanol,
recovered by centrifugation at 10,000 g for 30 min, and sub-
sequently washed with increasing concentrations of ethanol
(70–90% v/v). The samples were air-dried, resuspended in ster-
ile water, and stored at20 °C. EPS was precipitated from cul-
ture supernatants by the addition of two volumes of cold etha-
nol followed by centrifugation. Washing and subsequent
treatmentswere as described forCPSpreparations. Succinogly-
can was obtained from a 4-day culture of S. meliloti in GMS
medium. Cells were removed by centrifugation, and succi-
noglycan was precipitated from culture supernatants by the
addition of 3 volumes of ethanol. Quantification of polysaccha-
rideswas done by determination of hexoses by the sulfuric acid-
anthronemethod (29) and determination of hexuronic acids by
the meta-hydroxybiphenyl method (30). Proteinase K treat-
ment of acidic EPS and CPS was done according to Jefferson
andCerca (31). Briefly, samples ofR. leguminosarum acidic EPS
or CPS (1 mg/ml) were incubated with proteinase K (2 mg/ml)
in a 2-ml volume. Proteinase was heat-inactivated at 80 °C for
30 min. Then treated polysaccharides were precipitated with
ethanol, exhaustively washed, dried, and resuspended in sterile
water.
Binding Assays—Purified RapA2 (40 g) was mixed with
polysaccharide suspensions containing 0.5mg of EPS or CPS in
200 l of PBS. Incubations were carried out at room tempera-
ture with gentle agitation for 20min. Polysaccharides (0.25% in
mixture reactions) were separated from supernatant by centrif-
ugation at 100,000  g for 1.5 h as described for xanthan gum
(32). The efficacy of EPS sedimentation at 100,000  g was
confirmed by quantification of hexuronic acids in both frac-
tions. Pellets were washed once with PBS, and the presence of
protein in the pellet and supernatant fractions was assessed by
SDS-PAGE. The binding of RapA2 to the different polysaccha-
rides was characterized by a modified ELISA technique. Flat-
bottomed Microlon 600 microplates (Greiner) were coated
with 100 l of the EPS suspension in coating buffer (50 mM
sodium carbonate, pH 9.7) at 4 °C overnight. Binding of RapA2
(50 ng/ml in PBS, 0.05% Tween 20, and 0.5 mM CaCl2) was
detected with a monoclonal anti-polyhistidine antibody fol-
lowed by an alkaline phosphatase-conjugated secondary anti-
body. 4-Nitrophenyl phosphate was used as substrate in the
phosphatase reaction. For binding inhibition assays RapA2 was
preincubated for 30 min at room temperature with serial
10-fold dilutions of the putative inhibitory compound before
the addition to the wells of the microplates. The initial concen-
tration of the inhibiting polysaccharides was 100 g/ml. The
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mono-/disaccharides were prepared as 200 mM stocks in PBS.
The pH of the glucuronic acid (GlcA) stock was adjusted to 7.0.
The effect of calcium on RapA2 binding to EPS was evaluated
by preincubation of the protein with increasing concentrations
of EGTA before the addition to the EPS-coated wells. The pro-
tective effect ofMgCl2 on EPSwas jointly evaluated in the same
experiments. The data represent the mean values of a repre-
sentative experiment of three independent assays done in
quadruplicate.
RESULTS
RapA2 Is Predicted to Be Composed by Two Conserved Cad-
herin-like Domains—To update the number of proteins har-
boring a domain similar to Ra/CHDL, a PSI-BLAST search in
the NCBI non-redundant protein database was performed
using the second Ra domain of R. leguminosarum bv. viciae
3841 RapA2 (encoded by gene pRL100451) as the sequence
query (residues 118–236). After three iterations, 405 sequences
were retrieved with an E value 105 from a variety of taxo-
nomic groups. The most populated were the Proteobacteria
(260 proteins) and Cyanobacteria (66 proteins) groups, but also
the Bacteroidetes, Planctomycetes, Actinobacteria, Firmicutes,
Green sulfur bacteria, and Verrumicrobia were represented as
well as the eukaryotes and archaea. Multiple sequence align-
ments with representative homologues from each group were
constructed using the MUSCLE program (25) (supplemental
Fig. S1). This analysis revealed the presence of several con-
served residues likely important for structure and function.
Furthermore, in some large proteins the presence of consecu-
tive repetitions of Ra/CHDL was detected, as in a putative
exported RTX (repeat in toxin) protein from Ralstonia eutro-
pha (YP_841825, 2426 amino acids), which contains 5 repeti-
tions of the domain.
Protein folding prediction of RapA2 from strain 3841
(1–236) was performed using theMetaserver (27) and theDeep
View program (33). The template structures used for RapA2
modeling were two type I: the N-terminal domains 1 and 2 of
mouse E-cadherin (PDB code 1edh) and the human E-cadherin
(PDB code 2o72), and two type II cadherins: the mouse cad-
herin-8 (PDB code 2a62) and mouse cadherin-11 (PDB 2a4e),
from which the higher 3D-Jury scores were obtained. Accord-
ing to this model, RapA2 may comprise two homologous
Ra/CHDL domains (with 57% identity between them) com-
posed mostly of -sheets joined by a linker region (supplemen-
tal Fig. S2). Despite the limited sequence similarity between
RapA2 and cadherin domains, the structural alignment sug-
gests a clear resemblance of the overall topology of RapA2 and
cadherin domains, as they share the length and relative position
of several  strands and amino acid residues (Fig. 1).
Calcium Triggers Conformational Change of RapA2—To
experimentally verify the predicted structural similarity of
RapA2 to cadherins, we studied its secondary structure in the
presence and absence of calcium. Recombinant RapA2 was
overexpressed as a soluble protein in E. coli and purified to
homogeneity. The secondary structure of RapA2 was studied
by CD spectroscopy. In the absence of calcium the far-UV CD
spectrum of RapA2 showed a minimum near 210 nm (Fig. 2A).
This spectrum is likely a mixture of unstructured regions with
some elements of -sheet structure. Interestingly, upon the
addition of calcium in increasing concentrations (0–600M), a
broad negative band centered at 216 nm appeared in the spec-
trum of RapA2, indicative of -sheet conformation. Ellipticity
values at 208 nmmeasured for each calcium concentration are
shown in Fig. 2B. An apparent equilibrium dissociation con-
stant (KD) of 40 M was estimated.
Near-UV CD spectroscopy (250–350 nm) is dominated by
aromatic residues. The spectra of RapA2 possessing Phe and
Tyr but no Trp residues showed a broad positive signal (268–
290nm), and a decrease in ellipticitywas seenupon the addition
of calciumat 150, 300, and 400M (data not shown), pointing to
a change in RapA2 tertiary structure.
The presence of solvent-exposed hydrophobic clusters was
examined by ANS binding (Fig. 3). Binding of ANS to RapA2
was higher in the absence of calcium, showing that calcium
induces a conformational change that reduces the exposition of
hydrophobic clusters.
To further investigate the role of calcium on RapA2 folding,
the thermal stability of the protein in the presence or absence of
calcium was analyzed. The apo (RapA2)- and holo-form
(RapA2-Ca2) were submitted to increasing temperatures, and
their loss of secondary structurewere followed by themeasured
ellipticity at 209 nm (Fig. 4A). RapA2 incubated without added
calcium was marginally stable, showing a non-cooperative
unfolding transition with a midpoint (Tm) near 38 °C. On the
contrary, calcium-boundRapA2was farmore stable, displaying
a highly cooperative unfolding transition with a Tm of 50 °C.
This result shows that the apo-form of RapA2 is sensitive to
subtle changes in temperature, whereas in the presence of cal-
cium it adopts a compact stable conformation. Thermal stabil-
ity curves denote a calcium-dependent cooperative folding for
RapA2, suggesting a one-step process.
Thermal denaturation of the apo and holo states of RapA2
followed by cooling showed that both forms recover some of
their original conformation (Fig. 4B). In the presence of cal-
cium, RapA2 almost recovered its native structure, showing
that unfolding is a reversible process in an adequate
environment.
Binding of other divalent cations to RapA2was also explored.
The addition of increasing zinc concentration (supplemental
Fig. S3A) did not modify the position of the CD spectrum, but
an increase in ellipticity was detected at 20MZnSO4, probably
due to protein aggregation, as judged by the observation of sam-
ple turbidity. On the other hand, adding magnesium had no
effect on the secondary structure of RapA2 at any of the con-
centrations tested (10 M–2 mM MgCl2) (supplemental Fig.
S3B).
Altogether these results show that in the absence of calcium
RapA2 displays a conformation similar to a molten globule
state, whereas folding of the protein into a compact structure
depends specifically on the presence of calcium ions.
Calcium Binding Analysis by Isothermal Titration Calorim-
etry (ITC)—It has been proposed that in eukaryotic cadherins
three calcium ions bind close to the linker between cadherin
domains (binding sites underlined in Fig. 1). A single binding
sitemodelwas fitted to the data obtained fromcalcium titration
of RapA2 by CD (Fig. 2B). However, it should be noted that
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these data are also compatible with a stoichiometry of two
bound calcium per protein molecule, with both binding sites
displaying similar affinity. To obtain the stoichiometry (n) of
the binding reaction and an accurate determination of binding
constants, we used ITC. A one-set of site model could be accu-
rately fitted to the calcium binding isotherm of RapA2 (Fig. 5).
RapA2 binds one calcium ion with a dissociation constant of
177 M. The binding reaction proceeds with a negative
enthalpy change (H) and negative entropy (S) (Table 1).
From the calciumbinding sites of cadherin domains, only the
central site is partially conserved in the second Ra domain of
RapA2 (Fig. 1) and other bacterial CHDLdomains (supplemen-
tal Fig. S1). To explore the role of the site shared with cadherins
in the binding of calcium, the Asp residues located in the 145–
FIGURE1.Structural alignmentofRapA2andeukaryotic cadherins.Theaminoacid sequenceofRapA2wasaligned to template sequences according to the
MetaServer predictions. The template structures and their PDB entries were: ectodomains 1 and 2 (EC1–2) of mouse E-cadherin (PDB code 1edh), human
E-cadherin EC1–2 (PDB 2o72), mouse cadherin-8 EC1–3 (PDB code 2a62), and mouse cadherin-11 EC1–2 (PDB code 2a4e). The predicted RapA2 secondary
structure is from SWISS-MODEL, and the template structures were from the Protein Data Bank. Secondary structure elements are shown as a gray background
(light gray for -strands, dark gray for -helices). Conserved residues are in bold, asterisks denote identical residues, and circles indicate similar residues. The
conserved calcium binding motifs in cadherins (DXNDN, DXD and LDRE) are underlined in the sequence of PDB code 1edh. The acidic amino acids of RapA2
mutated to alanine are shown in italics and indicated with arrows.
FIGURE 2. Effect of calcium on RapA2 secondary structure. A, shown are far-UV CD spectra at increasing calcium concentrations, ranging from 0 to 600M.
B, shown is molar ellipticity at 208 nmmeasured at increasing calcium concentrations.MRW, mean residue weight.
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149 cluster and a neighboring Asp (Asp-143) were mutated to
Ala (pointed in Fig. 1). The spectra of these proteins in the
absence of added calcium were similar to that of the parent
protein, but in all cases (including a triple mutant) calcium
addition caused a change toward a more structured -sheet
conformation (not shown). These observations suggest that in
the Ra/CHDL domains other sites/residues are implicated in
calcium binding.
Calcium Has No Effect on the Oligomerization State of
RapA2—The requirement of calcium for proper folding of
RapA2 is in agreement with its predicted cadherin-like struc-
ture. Next we explored whether the previously documented
autoaggregative properties of RapA proteins also depend on a
cadherin-like adhesion mechanism. Cadherins mediate cell-
cell contact through rigidification followed by dimerization of
their extracellular domains, and these processes are promoted
and maintained by bound calcium ions (34, 35).
To determine the oligomerization state of RapA2 at different
calcium concentrations we first employed size exclusion chro-
matography and static light scattering (Fig. 6A). Purified RapA2
(with or without added calcium) was passed through a gel fil-
tration column, a light scattering detector, and a refractive
index detector. The oligomeric state of RapA2 was revealed by
the calculated native molecular weight. We observed that, in
contrast to cadherins, calcium does not induce RapA2 oligo-
merization. Moreover, the increase of the size exclusion chro-
matography retention time in the presence of calcium suggests
that the ion induces a more compact structure of the protein.
The protein samples were further analyzed by DLS to rule out
the possible loss of protein oligomers within the chromato-
graphic column used in size exclusion chromatography-static
light scattering. DLS experiments showed the presence of only
one species of RapA2 in solution, with a diameter distribution
centered at 4.19 nm regardless of the calcium concentration
employed (Fig. 6B).
These results show that even though calcium is needed for
RapA2 folding and stability, it has no effect on the formation of
higher order oligomers. Thus, the previously reported cell-ag-
glutinating property of RapA proteins (6) is not likely mediated
by RapA oligomerization.
The possibility that RapA2 interacts with other members of
the Rap family through Ra/CHDL domains was also investi-
gated. RapB (RL3911, 30 kDa), which bears a Ra domain in its N
terminus, was expressed and purified to homogeneity. RapA2
and RapB (20 g each) were incubated alone or in a mixture
without calcium or supplementedwith 2mMCaCl2 followed by
native gel electrophoresis (supplemental Fig. S4). We did not
detect protein complex formation in any of the conditions
tested, suggesting that in vitro, RapA2 and RapB are not able to
establish protein-protein interactions.
RapA2 Specifically Recognizes Acidic Exopolysaccharides
with Identical or Similar Structures—Because a cadherin-like
protein-protein interaction mechanism to explain the role of
Rap proteins in adhesion and aggregation was ruled out, the
binding of RapA2 to carbohydrate structures produced by rhi-
zobia was studied, as suggested by a previous report (6).
It was shown that the acidic EPS from R. leguminosarum
strains is a polymer of octasaccharide repeating units contain-
ing glucose (Glc), GlcA, and galactose (Gal) (5:2:1) (36, 37).
Purified RapA2 was mixed with the EPS obtained from several
closely related wild type strains, such as R. leguminosarum bv.
viciae (strains 3841 and A34) and R. leguminosarum bv. trifolii
R200. We also assayed the EPS produced by the protein secre-
tion mutant prsD (A412) and a proteinase K-treated EPS from
strain 3841. Two other exopolysaccharides were also included
in the assay; they were the succinoglycan (polymer of Glc and
Gal (7:1)) obtained from S. melilotiRm1021 and a purified com-
mercial preparation of xanthan gum (composed of Glc, man-
nose (Man), and GlcA (2:2:1)) produced by Xanthomonas
campestris pv. campestris. After 30 min of incubation with
RapA2, the polymers were separated by ultracentrifugation and
washed, and the presence of RapA2bound to polysaccharide (in
the pellet) or free in solution (in the supernatant) was assessed
by SDS-PAGE (Fig. 7A). Most of the RapA2 protein was found
to be associated with the EPS fraction obtained from the
R. leguminosarumwild type strains 3841, A34, and R200. As we
expected, xanthan gum and succinoglycan were not able to
retain RapA2. Interestingly, EPS from the prsD mutant strain
A412 was able to bind RapA2 despite the lack of secreted Rap
and other proteins. Furthermore, EPS from strain 3841 treated
with proteinase Kwas also capable to bind RapA2, showing that
there are no other extracellular proteins involved in RapA2-
EPS interaction.
The binding of RapA2 to EPS was further analyzed by means
of a binding inhibition assay using a modified ELISA technique
(38). Microtiter wells coated with EPS of R. leguminosarum bv.
viciae 3841 were incubated with RapA2 or with RapA2 prein-
cubated with serial dilutions of a putative inhibitory compound
in the presence of 0.5 mM CaCl2. Bound RapA2 was immuno-
detected using anti-His tag antibodies. EPS from R. legumino-
sarum strains 3841, A34, and A412 (prsD) or proteinase
K-treated EPS produced similar concentration-dependent
inhibition of the binding of RapA2 to the immobilized EPS from
strain 3841 (Fig. 7B). These results confirm that RapA2 binding
is not mediated by other proteins but by a direct recognition of
some structure of the EPS. To note, xanthan gum from
FIGURE 3. ANS binding to RapA2 at increasing calcium concentrations.
Intensity of fluorescence emission of ANSwhen bound to RapA2 at 0, 0.5 or 1
mM calcium is shown. AU, arbitrary units.
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X. campestris (Fig. 7B) or succinoglycan obtained from S. meli-
loti (not shown)were not able to inhibit the binding of RapA2 to
immobilized EPS, confirming the narrow specificity of RapA2
for exopolysaccharides of R. leguminosarum strains.
It has been shown that EPS and CPS of some strains of R. legu-
minosarum are composed of the same octasaccharide repeating
unit (see above) (36, 37). Somereports accounted fordifferences in
the degree of non-carbohydrate substitutions (39). CPS obtained
from strains 3841, A34, or A412 also showed an inhibitory effect
similar to that of the EPSs (not shown), indicating that a similar
epitope is present on both polysaccharide species.
Next we tested whether the three sugars of the repeating unit
(Glc, Gal, GlcA) and others (Man, galacturonic acid, maltose, and
lactose) are individually able to inhibit the binding of RapA2 to the
EPS at concentrations ranging from 0 to 100 mM (Fig. 8A). Glc or
GalhadnoeffectonthebindingofRapA2to theEPS. Interestingly,
GlcA was able to inhibit RapA2 binding to the EPS at concentra-
tions higher than 10 mM, indicating that GlcA residues might be
part of the structure recognized by RapA2 on the EPS/CPS. To
note, galacturonic acid, which is also an acidic monosaccharide,
hadnoeffect onbinding. In addition, neitherManor thedisaccha-
rides affected the binding to the EPS.
The effect of calcium on RapA2 binding to immobilized EPS
was assessed by preincubation of the protein with various con-
centrations of EGTA (Fig. 8B). Because EPS binding to thewells
can be disrupted by the chelator, immobilized EPS was also
incubated with the same concentrations of EGTA before the
addition of RapA2. In some cases 500 M MgCl2 was added to
protect the structure of the EPS bound to the wells. The pres-
ence of the chelating agent had a negative effect on the stability
of boundpolysaccharide only at concentrations higher than 500
M. Interestingly, 25 M EGTA decreased the binding activity
of RapA2 by 50%. At a higher concentration of EGTA, the bind-
ing activity was completely abolished. A modest protective
effect of MgCl2 was observed, probably due to stabilization of
EPS in the wells, as RapA2 was shown not to bindMg2 ions by
CD spectroscopy. These observations show the strict require-
ment of calcium for the binding of RapA2 to the EPS and sup-
port a regulatory role of calcium on RapA2 activity in vivo.
DISCUSSION
Here we have structurally and functionally analyzed the
RapA2 protein, which consists of two homologous, so-called Ra
domains and was originally shown to be involved in autoaggre-
FIGURE4.Analysisof theeffectof calciumonRapA2thermal stability.A, far-UVCDspectraof RapA2were recordedat temperatures ranging from0 to95 °C.
The ellipticity at 209 nm of RapA2 in the absence (apo-form, line) or in the presence of 0.5 mM CaCl2 (holo-form, dashed line) is depicted at different tempera-
tures. B, the reversibility of thermal-induced denaturation of the apo- and holo-forms of RapA2was determined. Far-UV CD spectrawere recorded at 15 °C and
95 °C, and after cooling to 15 °C the samples submitted to 95 °C.
FIGURE 5. Isothermof calciumbinding toRapA2measuredby ITC.Protein
and ligandwere prepared in 20mMTris-HCl, 150mMNaCl, pH 8.0. RapA2 (400
M) in the sample cell was titratedwith CaCl2 (10mM). The upper panel shows
the observed heats for each injection of CaCl2 after base-line correction. The
lower panel depicts the binding enthalpies versus the calcium/protein molar
ratio. The data (f) best fitted to the one set of site binding model. Best-fit
parameters are listed in Table 1.
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gation and adhesion ofR. leguminosarum cells (6, 8). Due to the
expansion of the sequence databases, it is now clear that the Ra
domains are conserved far beyond rhizobia (9). In the present
study we show that Ra domains are present not only in phylo-
genetically very distant bacteria but also in archaea and some
eukaryotes (supplemental Fig. S1), underscoring the impor-
tance to understand the biological function of a domain present
in all kingdoms of life. Interestingly, the C-terminal Ra domain
of RapA2 has bioinformatically been shown to possess struc-
tural features similar to eukaryotic cadherins and belong to a
so-called CHDL domain family (9). Taken that involvement in
adhesion and calcium binding have been documented not only
for RapA but also for several other proteins in the Rap family, it
is rather straightforward to assume that the CHDL domains
might function as adhesion modules via a cadherin-like mech-
anism. Calcium-dependent oligomerization of the CHDL
domains would thus be a crucial prerequisite for this function.
However, data obtained in this work very clearly show that the
RapA2 protein forms neither homo-oligomers (Fig. 6) nor
hetero-oligomers with other Rap proteins (supplemental Fig.
S4), excluding the possibility of a cadherin-like mechanism for
RapA2. This illustrates the need for caution and experimental
evidence in assigning a function to structurally similar proteins.
However, RapA-coated beads induced bacterial agglutina-
tion and a crude preparation of EPS (that might have contained
extracellular proteins) inhibited this effect (6). Here we have
rigorously verified the binding of RapA2 to the EPS and shown
that it is highly specific. EPS samples that lack proteins secreted
by PrsDE or completely devoid of proteins retained RapA2,
showing that binding to EPS is not mediated by other proteins.
Furthermore, no binding of RapA2 to the succinoglycan from
S. meliloti (which also contains Glc and Gal residues) was
observed nor to xanthan from X. campestris despite bearing
GlcA residues that confer negative charge to the polymer. It
seems that RapA proteins recognize a particular combination
of sugars and glycosidic linkages. Interestingly, binding of
RapA2 to immobilized EPS was partially blocked in the pres-
ence of glucuronic acid. A concentration-dependent decrease
in binding reaching a 60% inhibition at 75 mM GlcA was
observed. It is not surprising that monosaccharide-protein
interactions show equilibrium dissociation constants (KD) in
themM range. However, it has been observed that in the biolog-
ical context, avidity is increased 100–10.000-fold due to the
multivalency of the interaction (40). Because the RapA2protein
contains no other elements than the two homologous
Ra/CHDL domains, it suggests that each domain constitutes a
carbohydrate binding module. This notion is further strength-
ened by the fact that the PlyA and PlyB glycanases, which are
together with the Rap proteins secreted by the PrsDE system
(18), also contain a Ra/CHDL domain in their C-terminal end
(6, 18). PlyA and PlyB cleave EPS and carboxymethylcellulose
only when they are in contact with the cell surface (7, 41). The
Ra/CHDL domain in glycanases could be involved in carbohy-
drate recognition or in positioning the enzyme for optimal
cleavage of EPS. The modular organization of Ply glycanases
would resemble that of bacterial glycoside hydrolases, which
are active on complex polysaccharides (42, 43). These glycosi-
dases exhibit a fibronectin-type III (FN3)modulewith a-sheet
structure fused to its N terminus. Although the exact function
of this FN3module was not established, it was suggested that it
could help in polysaccharide recognition and degradation.
Moreover, if Ra domains of all Rap proteins recognize the same
structure on the EPS/CPS, RapA binding would inevitably
affect EPS characteristics; i.e. favoring or impeding the action of
glycanases that determine EPS molecule length. Furthermore,
it is tempting to propose that the polar location on the cell
TABLE 1
Thermodynamic parameters of calcium binding to RapA2
Model n KA KD H S
M1 M kcalmol1 calmol1K1
One set of site 0.99 0.01 (5.6 0.2) 103 177 20.7 0.5 52.3
FIGURE 6. Hydrodynamic properties and diameter distribution of RapA2 at different CaCl2 concentrations. A, shown is molecular mass of RapA2 at
various CaCl2 concentrations obtained by size exclusion chromatography and static light scattering. The theoretical and experimentally determined Mr are
indicated. B, diameter distribution of RapA2 was measured by DLS at CaCl2 concentrations ranging from 0 to 4 mM.
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FIGURE 8. Inhibitory properties ofmonosaccharides and EGTA on RapA2-EPS interaction. A, inhibition curves of RapA2 binding to immobilized EPS
were obtained by preincubation of the protein with increasing concentrations of the indicated sugars ranging from 0 to 100 mM. B, the effect of EGTA
on RapA2 binding to the EPSwas determined by preincubation of RapA2with various concentrations of the chelating agent (0–1mM). As a control, EGTA
was also added to the EPS-coated wells before RapA2 addition. In some cases MgCl2 was added at 500 M to evaluate its effect on the immobilized EPS
in the wells.
FIGURE 7. Interaction of RapA2with bacterial soluble EPS. A, binding of RapA2 to different soluble polysaccharides was examined. The protein was added
to the EPS preparation, and after sedimentation of the EPS by centrifugation at 100,000 g, the pellet (even numbers) and supernatant fractions (odd numbers)
were assayed for the presence of proteins by SDS-PAGE. B, shown is inhibition of the binding of RapA2 to EPS of R. leguminosarum bv. viciae strain 3841 by
different soluble EPS preparations. Inhibitory EPSwas serially diluted by a factor of 10, startingwith a concentration of 100gml1. R.l.v., R. leguminosarumbv.
viciae; R.l.t., R. leguminosarum bv. trifolii; PK, pretreatment with proteinase K.
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surface of RapA proteins is related to the place where EPS/CPS
chains emerged immediately after they are synthesized (44).
We hypothesize that RapA proteins may contribute to the
assembly of the EPS component of the biofilm matrix and that
its activity may be coordinated with glycanase secretion and
activity on the bacterial surface.
We have also shown that calcium is needed for optimal bind-
ing of RapA2 to EPS. In bacteria, dedicated transporters and
channels maintain cytosolic free calcium in concentrations
ranging from0.1 to 2M (45). This is 1 or 2 orders ofmagnitude
lower than the concentration in the external milieu, which is
typically in the millimolar range. Here we have presented evi-
dence that at low calcium concentrations, as those prevailing in
the bacterial cytosol, RapA2 displays amolten globule-like con-
formation, with a non-cooperative thermal unfolding behavior.
This is likely to facilitate its secretion by the PrsDE system, as it
appears that unfolded or partially folded substrates are required
for secretion by type I systems (46, 47). Acquisition of RapA2
native -sheet conformation is expected to occur in the more
favorable extracellular environment, where calcium concentra-
tions outweigh the measured KD of 177 M. Similar observa-
tions have been made for other type I secretion system sub-
strates such as the RTX (repeat in toxin) domain of the CyaA
adenylate cyclase toxin of Bordetella pertussis (48) and for a
non-RTX-bearing protein such as the HasA hemophore from
Serratia marcescens (49). As the transition to a folded confor-
mation is frequently coupled to ligand binding, it is reasonable
to assume that RapA2 secretion and folding are coordinated
with calcium and EPS binding on the cell surface.
Microcalorimetric titration of RapA2 with calcium returned
a negative enthalpy change (H) that denotes the exothermic
character of the binding reaction and negative entropy. These
data help to explain the conformational change of RapA2 to a
more stable conformation, observed upon calcium binding by
CD and fluorescence spectroscopy. In cadherins, the binding of
three calcium ions to the linker between two cadherin domains
induces the change to a -sheet conformation. Here, we show
that unlike cadherins, the stoichiometry of RapA2 is of one
bound calcium ion per protein molecule. It seems that binding
of only one calcium ion triggers RapA2 conformational change
to a compact -structure.
Of the three specific motifs of cadherins that participate in
calcium binding (DXD, LDRE, and DXNDN), only the DXD
motif was found to be present in the prokaryotic CHDL
domains as a DXDXD motif (9). Using the updated NCBI-nr
proteins database andmultiple alignments of 65 Ra/CHDL rep-
resentative sequences, we confirmed these observations. To
note, in the RapA proteins, the DXDXD motif is replaced by
DXXXD, but an additional Asp residuewas found in the vicinity
of this motif (Fig. 1). Mutational analysis of these residues and
of other acidic residues conserved in CHDL domains (not
shown) did not allow us to identify the calcium binding site. As
roles for calcium in prokaryotic organisms are just recently
emerging, only few types of calcium-binding proteins are
known so far in bacteria. These correspond to EF-hand proteins
(50), proteins with -propeller structure (51), and -crystal-
lins (52, 53). RapA2 does not display any of the conserved
domains of these proteins; therefore, it is an interesting possi-
bility that RapA proteins and others harboring Ra/CHDL
domains may constitute a new class of calcium-binding pro-
teins. X-ray or NMR structure information will be necessary to
identify the calcium binding site in RapA2 and CHDL-contain-
ing proteins.
The Ra/CHDL domain was found in a considerable number
of predicted extracellular proteins from bacteria that have a
mutualistic or pathogenic relationship with humans. Mecha-
nisms involving carbohydrate-containing structures have been
implicated in the development of biofilms in human tissues (54,
55). Furthermore, bacterial sugar-bearing polymers were
shown to play a role in immunomodulation and suppression of
inflammatory diseases (56). Therefore, CHDL-containing pro-
teins could be involved in themodulation of the structure of the
biofilm matrix, which in turn may influence host colonization
or immunomodulation of host response.
In conclusion, the role of RapA2has been redefined bymeans
of biophysical and biochemical approaches showing that RapA
proteins are lectins that display extraordinary structural flexi-
bility and depend on calcium binding for folding and function.
Furthermore, the elucidation of RapA2 biological role aids in
the definition and the understanding of the biochemical func-
tion of Ra/CHDL domains, which are part of many predicted
extracellular or surface-exposed proteins.
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